Stress-induced activation of p53 is an essential cellular response to prevent aberrant cell proliferation and cancer development. The ubiquitin ligase MDM2 promotes p53 degradation and limits the duration of p53 activation. It remains unclear, however, how p53 persistently escapes MDM2-mediated negative control for making appropriate cell fate decisions. Here we report that TBP-like protein (TLP), a member of the TBP family, is a new regulatory factor for the p53-MDM2 interplay and thus for p53 activation. We found that TLP acts to stabilize p53 protein to ensure long-lasting p53 activation, leading to potentiation of p53-induced apoptosis and senescence after genotoxic stress. Mechanistically, TLP interferes with MDM2 binding and ubiquitination of p53. Moreover, single cell imaging analysis shows that TLP depletion accelerates MDM2-mediated nuclear export of p53. We further show that a cervical cancer-derived TLP mutant has less p53 binding ability and lacks a proliferation-repressive function. Our findings uncover a role of TLP as a competitive MDM2 blocker, proposing a novel mechanism by which p53 escapes the p53-MDM2 negative feedback loop to modulate cell fate decisions.
The tumor suppressor p53 is a potent transcription factor that promotes cell cycle arrest, senescence, and apoptosis in response to various types of stress (1) . Although p53 orchestrates more than 100 target genes, it is usually retained in an "off" state because of its rapid turnover (2) . This negative regulation is achieved mainly through recruitment of MDM2 to the transactivation domain (TAD) 3 in the N terminus of p53 and the E3 ubiquitin ligase activity of MDM2 (3) (4) (5) . MDM2 mediates both the monoubiquitination and polyubiquitination of p53 and promotes its degradation (6) . Monoubiquitination at the DNA binding domain and the C-terminal domain of p53 acts as not only a scaffold of polyubiquitination but also a signal for p53 nuclear export (7) (8) (9) . In the cytoplasm, other E3 ligases and E4 enzymes such as CBP/p300 can lead polyubiquitination of p53 and 26S proteasomal degradation (10) . Additionally, given that p53 principally works as a transcriptional factor in the nucleus, the nuclear export of p53 is a major step that limits p53 function.
The p53-MDM2 interplay forms the basis of p53 dynamics, and several transcription-related factors regulate p53 activity (11) . Upon genotoxic stresses, p53 is phosphorylated at Thr-18 and Ser-20, both of which are critical for MDM2 binding, leading to the dissociation of the p53-MDM2 interaction (12, 13) . p300/CBP then binds to the p53 TAD and acetylates multiple lysine residues in the C-terminal domain of p53 (14) , and p53 escapes from degradation and becomes active as a transcription factor (15) . Activated p53 in turn induces the expression of MDM2. High levels of MDM2 associate with HDAC1 and deacetylate p53 to promote its degradation (16) . In the late phase of the stress response, TBP-associated factor 1 (TAF1), the largest subunit of the basal transcription factor TFIID, phosphorylates p53 at Thr-55 and dissociates p53 from the p21 promoter by elevating MDM2 binding affinity of p53 (17, 18) . In addition, some unknown transcription-related factors may also be involved in p53 regulation, and identification of a novel regulator of the p53-MDM2 interplay is critical for understanding the mechanisms underlying p53 dynamics.
TLP is a member of the TBP family and is also named TBPrelated factor 2 (TRF2) and TBP-like 1 (TBPL1) (19, 20) . TLP has 38% identity to the C-terminal conserved region of TBP and mimics the function of a basal transcription factor in the regulation of various biological processes (21) . TLP, but not TBP, is associated with a number of TATA-less promoters and mediates RNA polymerase II-driven transcription from those promoters including ribosomal protein genes (22) . Upon genotoxic stress, TLP represses cell growth via regulation of cell cycle-associated genes such as wee1, Cdkn1a (p21), and Trp63 (23, 24) . We have also found that TLP binds to the TAD of p53, as does TBP, and enhances p21 expression in a p53-dependent manner (25) (26) (27) . However, little is known about the most fundamental question of how TLP regulates p53 target genes or p53 itself.
Here we aimed to investigate the role of TLP in p53 regulation and present evidence that TLP is a new regulatory factor of the p53-MDM2 interplay. In the genotoxic stress response, TLP promotes p53-driven apoptosis and senescence by mediating persistent p53 activation. TLP binds to the p53 TAD and inhibits MDM2 recruitment to p53, which results in suppression of p53 ubiquitination. We also aimed to real time chasing of p53 nuclear export and show that TLP is essential for suppressing MDM2-driven nuclear export of p53. Moreover, a cervical cancer-derived TLP mutant has little p53 binding ability and does not suppress cell growth. Taken together, our findings indicate that TLP disrupts the p53-MDM2 interaction and mediates long-lasting p53 activation in response to genotoxic stress.
Results

TLP Stabilizes p53 Protein and Enhances Its Transcriptional
Activity-To explore the role of TLP in p53 function, we first investigated the effects of TLP knockdown on the expression of p53 protein. Both transient and stable knockdown of TLP caused a decrease in p53 protein (Fig. 1, A and B) . This decrease was recovered in the short interfering RNAs (siRNA)-resistant TLP (TLP esc )-added HCT116 cells (Fig. 1A) . The effect of TLP knockdown was evident based on accelerated cell growth in both TLP siRNA-transfected HCT and HeLa cells (Fig. 1C) . To investigate whether TLP regulates p53 at the protein level, we then chased the breakdown of p53 protein using cycloheximide (CHX). Overexpression of TLP increased the stability of p53 in both HCT116 and HeLa cells (Fig. 1D) , whereas knockdown of TLP decreased the stability (Fig. 1E) . Consistently, TLP-depleted cells contained decreased amounts of p53 targets such as MDM2 and p21 at the protein level (Fig. 1E) . The same phenomenon was also observed at the mRNA level, and p53-upregulated genes and p53-down-regulated genes were decreased and elevated, respectively (Fig. 1F) . In contrast, although TLP depletion decreased p53 protein levels, its transcripts were not decreased (Fig. 1F) . Additionally, CHX treatment decreased the levels of p53 protein, whereas treatment with the proteasome inhibitor MG132 increased it (Fig. 1G) . Overexpressed p53 was also decreased through TLP knockdown in p53-null HCT116 cells (Fig. 1H) . Moreover, TLP knockdown in p53-null HCT116 cells did not change the levels of p21 transcript, and the effect of TLP knockdown shown in wild-type HCT116 cells was also observed in the case of p53 overexpression (Fig. 1I) . These results suggest that TLP up-regulates p53 at the protein level, which results in inhibition of cell growth through control of p53 target genes.
TLP Is Essential for Persistent Activation of p53 in Response to UV Irradiation-Next, to investigate whether TLP enhances p53 function in response to genotoxic stress, we examined TLP function under UV irradiation. When TLP short hairpin RNA (shRNA)-expressing HCT116 cells were exposed to various doses of UV light and incubated for 36 h, the levels of transcripts of p53 target genes including p21 and MDM2 ( Fig. 2A) were less induced compared with control cells. To assess the interplay between p53 and TLP in response to UV irradiation, we chased the expression dynamics of p53 and its target proteins after a high dose (50 J/m 2 ) of UV irradiation.
The protein levels of both total p53 and Lys-382-acetylated p53, which is an activation marker for p53 transcriptional activity, were elevated within 4 h and decreased around 32-36 h after UV irradiation (Fig. 2B) . Notably, TLP was significantly elevated around 32-36 h, and depletion of TLP accelerated the decrease of both total p53 and Lys-382-acetylated p53 during these time points (Fig. 2B, bottom) . Consistent with these results, the levels of p21 protein were not elevated in TLP-depleted cells (Fig. 2B, bottom) .
We then examined the expression of p53-up-regulated target genes related to cell cycle arrest (p21, 14-3-3) and apoptosis (PUMA, Fas) and the expression of p53-down-regulated targets participating in cell proliferation (CDC20, FOXM1) after UV irradiation (Fig. 2C) . TLP-depleted cells clearly showed the reduction of p53 transcriptional activity in the late phase (at 32-48 h) of the UV response (Fig. 2C) . In contrast, TLP mRNA was not significantly elevated ( Fig. 2C ; p ϭ 0.14, analysis of variance) although its protein was up-regulated in the late phase of the UV response (Fig. 2B, bottom) . This finding suggests that TLP is regulated at the protein level and is not a p53 target.
We also investigated whether p53 and TLP are recruited to the promoters of representative p53 target genes. After UV irradiation, p53 was detected on the p21, PUMA, and MDM2 promoters (Fig. 2D) . As expected, the recruitment of p53 to these promoters was considerably reduced in the late phase of UV response of TLP-depleted cells (Fig. 2D) . These results indicate that the levels of p53 protein reflect its occupation at these promoters. On the other hand, the recruitment of TLP to those promoters was not obvious (Fig. 2E) , suggesting that TLP promotes p53 protein stability but not p53 recruitment to those promoters.
Finally, we investigated the viability and senescent state of the cells after UV irradiation. Under this condition, the viability of TLP knockdown cells was more than three times higher than that of control cells (Fig. 3, A and B) . Furthermore, TLP-depleted cells exhibited resistance to senescence after UV irradiation (Fig. 3C ). Taken together, these results indicate that TLP elongates the duration of p53 activation to promote apoptosis and senescence in response to the genotoxic stress.
TLP Prevents p53 Degradation through Disrupting the p53-MDM2 Interaction-To elucidate the detailed mechanisms by which TLP potentiates p53 activity, we investigated the involvement of MDM2 in the p53-TLP interplay. Overexpression of TLP and MDM2 increased and decreased the levels of p53, respectively (Fig. 4A ). In addition, overexpression of both proteins canceled each effect (Fig. 4A) . Furthermore, a p53 mutant L22Q/S23S (QS), which is defective in MDM2-binding, did not decrease when TLP was knocked down (Fig. 4B ). An in vivo p53 ubiquitination assay showed that the amount of ubiquitinated p53 decreased depending on the TLP expression level (Fig. 4C ). This phenomenon became more evident when MDM2 was coexpressed (Fig. 4D) . TLP has been shown to bind to the p53 TAD (27) ; hence, we hypothesized that TLP prevents p53 binding of MDM2.
To evaluate the above hypothesis, we performed a competitive pulldown assay using a p53 binding ability-defective MDM2 mutant protein, G58A (Fig. 4E) (28) . When wild-type FIGURE 1. TLP stabilizes p53 and increases transcription of p53 target genes. A, HCT116 cells were transfected with TLP siRNA (siTLP) together with a FLAG-His-tagged (FH)-and siRNA-resistant TLP expression plasmid (TLP esc ). p53, TLP, and GAPDH levels in whole cell lysates were analyzed by Western blot. siCtrl, control siRNA; empty, empty vector. B, proteins in whole cell extracts of two distinct TLP shRNA (shTLP#1 and shTLP#2)-expressing HCT116 clones were analyzed. shCtrl, control shRNA. Because the knockdown effect of the two TLP shRNAs was similar, shTLP#1 and shTLP#2 are described as shTLP in the following figures when either of the TLP shRNAs was used. C, left, HCT116 cells were transfected with the siTLP together with the TLP esc expression vector. Forty-eight hours after transfection the cells were stained with crystal violet. Scale bar, 200 m. Middle, viable cells were counted at 48 h after transfection. Results are presented as cell number relative to that at the transfection time. Each value is the mean Ϯ S.D. of at least three independent experiments (mean Ϯ S.D.). Right, a repeat experiment as shown in the middle panel of C was performed using HeLa cells. *, p Ͻ 0.05; **, p Ͻ 0.01 (Tukey's honestly significant difference test). D, HCT116 (left) and HeLa cells (right) were transfected with a FH-TLP expression vector. Twenty-four hours after transfection, the cells were treated with 50 g/ml CHX and harvested at the indicated times. E, HCT116 (left) and HeLa (right) cells were transfected with siTLP. Forty-eight hours after transfection, the cells were treated with CHX and harvested at the indicated times. F, HCT116 cells (left) and HeLa cells (right) expressing shTLP were analyzed for transcripts of p53-upregulated and p53-down-regulated genes by RT-qPCR (mean Ϯ S.D.). Results are shown as relative amounts of mRNA to that of TBP. G, HCT116 cells were transfected with siTLP. Forty-eight hours after transfection, the cells were treated with 10 M of MG132 (M) or/and CHX (C) for 1 h. Cells were harvested, and the indicated proteins in the whole cell lysate were determined. NT, non-treatment. H, two shTLP-expressing p53-null HCT116 clones were transfected with p53 expression vector. Twenty-four hours after transfection, the cell lysates were analyzed for the indicated proteins. I, p53-null HCT116 cells (HCT116 p53 Ϫ/Ϫ ) expressing shTLP were transfected with empty or p53 expression vector and incubated for 24 h. Amounts of indicated transcripts were determined for each gene by RT-qPCR (mean Ϯ S.D.).
MDM2 was added to the reaction mixture of the GST pulldown assay, the amount of p53-bound TLP was decreased, whereas the G58A mutant interfered with the TLP binding of p53 only slightly (Fig. 4F) . We then performed an immunoprecipitation assay for p53 and found that p53-bound MDM2 decreased with increases in p53-bound TLP (Fig. 4G ). This suggests that TLP and MDM2 competitively bind to p53 in cells. TLP and MDM2 did not form a complex with p53 simultaneously because TLP and MDM2 were not co-immunoprecipitated (Fig. 4H ). These results indicate that TLP stabilizes p53 pro-tein by interfering with MDM2-mediated p53 ubiquitination (Fig. 4I) .
TLP Suppresses MDM2-mediated Nuclear Export of p53-Next, to scrutinize the involvement of TLP in MDM2 function in cells, we examined the localization of endogenous p53. Most of the p53 and exogenous TLP were localized in the nucleus of HCT116 cells (Fig. 5A ). In contrast, TLP knockdown cells showed increased cytoplasmic localization of p53 (Fig. 5B) . These results suggest that TLP retains p53 in the nucleus.
To clarify whether TLP blocks MDM2-mediated nuclear export of p53, we performed a real-time nuclear export assay using the photoswitchable protein, Dronpa ( Fig. 5C ) (29) . Low levels of p53-Dronpa were successfully induced in HeLa cells (Fig. 5 , D and E). We confirmed that cytoplasmic localization of p53-Dronpa was emphasized in TLP knockdown cells (Fig. 5F ). After treatment with CHX and MG132, fluorescence of p53-Dronpa in a whole cell was erased at 488 nm. Fluorescence in the nucleus was then reactivated through excitation at 405 nm (Fig. 5G) . The flux of the florescence of Dronpa was monitored as an indicator of nuclear export. As for control shRNA-expressing cells, Ͻ10% of p53-Dronpa was exported to the cytoplasm within 720 s after photoactivation (Fig. 5, H and I, left) . In contrast, nuclear export of p53-Dronpa in TLP shRNA-expressing cells was greatly accelerated. We also performed the same experiment with the nuclear export inhibitor leptomycin B and MDM2 antagonist Nutlin-3a to disrupt the p53-MDM2 interaction (7, 30) . Leptomycin B-treated cells showed that p53-Dronpa was retained in the nucleus regardless of TLP depletion (Fig. 5I, middle) . Similarly, Nutlin-3a blocked the nuclear export of p53-Dronpa in TLP knockdown cells (Fig. 5I, right), indicating that p53 nuclear export observed in TLP knockdown cells is dependent on MDM2. Taken together, these results suggest that TLP retains p53 in the nucleus by suppressing MDM2-driven nuclear export of p53.
TLP Suppresses Tumor Growth-To explore the physiological significance of our findings, we assessed the role of TLP in cancer. We first investigated the involvement of TLP in the growth of xenograft tumors. 25 days after injection the weight of TLP-depleted HCT116-derived tumors was significantly higher than that of control HCT116-derived tumors (Fig. 6A) , indicating that depletion of intracellular TLP accelerates tumor growth. We then prepared a human cancer-derived TLP mutant, D99H (31, 32) . This mutant is found in cervical cancer that expresses wild-type p53, and the mutation is located in the p53 binding region (Fig. 6B) (27) . As expected, the p53 binding ability of D99H was considerably lower than that of wild-type TLP (Fig. 6C) . Wild-type TLP-transfected HCT116 cells decreased cell growth in a p53-dependent manner (Fig. 6D) . In contrast, overexpression of D99H did not influence cell growth (Fig. 6E) . These results suggest that TLP-p53 binding is required for TLP-mediated cell growth repression.
Discussion
Recent studies have proposed that the concentration and duration of activated p53 and its target genes determine the cell fate decision such as cell cycle arrest, apoptosis, and senescence (33, 34) . In the present study we showed that TLP stabilizes the p53 protein, thereby enhancing its function. We demonstrated that the TLP function is evident in the late phase of a high dose of UV exposure and is important to mediate the induction of apoptosis and senescence. This indicates that TLP is required for persistent p53 activation and direction of the cell fate decision. We further showed that TLP disrupts the p53-MDM2 interaction and demonstrated that TLP prevented p53 degradation by interfering with MDM2-mediated ubiquitination and nuclear export of p53. Moreover, we found that the expression of TLP is increased at the protein level in the late phase of UV irradiation, suggesting that elevated TLP binds to p53 and releases p53 from the MDM2-mediated negative control. In contrast, the MDM2 function toward p53 becomes stronger when the levels of TLP in cells are low. Notably, MDM2 is one of the targets of p53 and thus is down-regulated by TLP knockdown. Although this result seems to cause p53 stabilization, TLP depletion decreased p53 levels. This situation is because the turnover of p53 became faster in TLP-depleted cells. These phenomena suggest that TLP maintains the protein levels of p53 and MDM2 in cells. Our findings indicate that TLP acts as an MDM2 blocker in the p53-MDM2 negative feedback loop and establishes a novel mechanism for long-lasting p53 activation to direct appropriate cell fate decision (Fig. 7) . .D.) . B, left, HCT116 cells expressing shTLP were exposed to 50 J/m 2 of UV light and harvested every 4 h. p53, Lys-382-acetylated p53 (Ac-382), MDM2, and p21 in whole cell lysates were detected. Right, p53, p21, and TLP proteins shown in the upper figures of panel B were quantified (means Ϯ S.E.). *, p Ͻ 0.05; **, p Ͻ 0.01 (p53 and p21, Welch's t test; TLP, Tukey's honestly significant difference test). C, shTLP-expressing HCT116 cells were exposed to UV light and harvested every 8 h. Transcripts were determined by RT-qPCR (mean Ϯ S.E.). D, TLP-depleted HCT116 cells were exposed to UV light and harvested every 16 h. Then chromatin-bound p53 was immunoprecipitated with anti-p53 antibody, and the sequences of the p21, PUMA, and MDM2 promoters were determined by qPCR (mean Ϯ S.E.). E, HCT116 cells were transfected with the FH-TLP expression vector and exposed to UV light for 36 h. Chromatin-bound TLP was immunoprecipitated with anti-FLAG antibody, and the sequences of the p21, PUMA, and MDM2 promoters were determined by qPCR (mean Ϯ S.E.). FIGURE 3. TLP promotes UV-mediated cell death and senescence. A, shTLP-expressing HCT116 cells were exposed to UV light, and viable cells were counted at the indicated times. B, shTLP-expressing HCT116 cells were exposed to UV light, and the cells were re-plated in a 6-well plate. After 7 days, colonies were stained with crystal violet. NT, no treatment. C, top, shTLPexpressing HCT116 cells were exposed to UV light and cultured for 5 days, and then senescence-associated ␤-galactosidase (SA-␤-gal) activity was measured using a SA-␤-gal staining method. A single cell is enclosed by a dotted line. Scale bar, 100 m. Bottom, The SA-␤-gal-positive cells were quantified, and results are shown as ratios (mean Ϯ S.D.). **, p Ͻ 0.01 (Welch's t test). FEBRUARY 24, 2017 • VOLUME 292 • NUMBER 8
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TBP recognizes the TATA element in promoters of many RNA polymerase II-driven genes, enabling it to constitute the basic transcriptional machinery on those promoters (35) . TLP has been identified as a TBP family protein and is considered to be involved in various biological processes (21, 22) . TLP binds to some general transcription factors, such as TFIIA, and interferes with the TBP-TFIIA interaction. The TLP-bound TFIIA precursor is protected from Taspase1-mediated cleavage, which leads to inhibition of TBP-mediated transcription (36) . Perhaps one role of TLP may be as a blocker of protein-protein interactions. We note that TLP depletion in HeLa cells increased p53 mRNA levels, although p53 protein levels were down-regulated in such a condition. This phenomenon seems to be governed by p53-independent TLP function, suggesting that TLP has multiple roles in both p53-dependent and -independent manners.
The interplay between p53 and transcription-related factors in stress response is highly complicated. It is basically unknown whether basal transcription factors exert their positive or negative effects on p53 function. TFIIH, a multiprotein complex involved in both transcription and DNA repair, and TBP, both, activate p53-driven transcription (37, 38) . In contrast, TAF1 phosphorylates p53 at Thr-55 and mediates degradation of p53 (17, 18) . TAF1-mediated phosphorylation of p53 increases p53-MDM2 interaction and releases p53 from the p21 promoter in the late phase of UV irradiation. In this study we confirmed that p53 is actually recruited to the promoters of its target genes. However, TLP is not significantly recruited to promoters of representative p53 target genes. These results suggest that TLP affects p53 activity through a mechanism distinct from association of transcription machineries on a promoter. Hence, our findings may help to resolve the mechanisms underlying p53 dynamics and linking basal transcription factors to p53 activation.
The nuclear export of p53 has also been widely discussed because a number of cancers show cytoplasmic localization of p53 (39, 40) . It has been speculated that MDM2 induces a conformational change of p53 to expose the nuclear export signal at the C-terminal domain of p53. MDM2 then mediates p53 monoubiquitination and promotes its nuclear export (6 -8). We established a method for chasing real-time nuclear export of p53 using Dronpa and showed that TLP depletion increases the nuclear export of p53. However, TLP depletion does not fully export p53 to the cytoplasm, and the remaining p53 still activates transcription. These results suggest that TLP depletion is not sufficient for abolishing p53 activity. Because many factors cooperatively and rapidly regulate the p53 level in normal cells (9) , and real-time analysis using Dronpa may help to clarify such a complicated process.
About half of all human cancers have mutations in the p53 gene, whereas the reason why some cancer cells still retain wildtype p53 has not been fully elucidated (41) . In these cancer cells several altered cellular processes are likely to suppress p53 function. In this study we used HCT116 and HeLa cells. Interestingly, TLP-elevated p53 stability was clearly observed in HeLa cells. Human papillomavirus E6 protein in HeLa cell leads p53 to degradation (42) , and because of these vulnerable conditions, TLP function for p53 may be strengthened. Furthermore, we found that multiple TLP mutations in human cancers were mapped in the p53 binding region of TLP. We used a TLP mutant, D99H, which is found in wild-type p53-expressing cervical cancer. This mutant had a weak p53 binding ability and exhibited a defect in suppression of cell growth. These findings are consistent with the notion that wild-type p53-expressing cancer cells have some p53-suppressive factors. Consequently, TLP is a novel regulator of the p53-MDM2 interplay that provides cells with sensitivity to genotoxic stress by mediating long-lasting p53 activation.
Experimental Procedures
Cell Culture, Transfection, and Cell Counting-Human HCT116 cells and HeLa cells were maintained in Dulbecco's modified minimal essential medium (Sigma) with 10% fetal bovine serum. Transfection of expression plasmids and siRNAs was performed by using Lipofectamine 2000 (Invitrogen) according to the manufacturer's recommendation. Viable cells were counted using trypan blue.
Expression Plasmids, siRNAs, and shRNAs-pCI-neo-FHmTLP and pCI-neo-HA-mTLP were prepared as described previously (27) . The siRNA-resistant TLP mutant that has nucleotide substitutions but retains the native amino acid sequence was constructed by PCR mutagenesis strategy. A p53 expression plasmid supplied by Addgene (Cambridge) was modified to pCI-neo-FH-p53, which contains a FLAG-His (FH) tag at the N terminus. A Dronpa open reading frame (ORF) was subcloned into pCI-neo-FH-p53 in frame with the p53 ORF. In addition, to induce the expression levels of p53 by Tet-On system, p53-Dronpa was subcloned into a Tet promoter-containing vector, pTRE3G (Clontech). pEF1␣-TET3G vector, which expresses Tet-On 3G transactivator and activates expression from TRE promoters in the presence of doxycycline (Dox), was transfected with pTRE3G-p53-Dronpa. Sequences of siRNA for human TLP were 5Ј-UAACAGGGCCCAAUGUAAATT (sense) and 5Ј-UUUACAUUGGGCCCUAUUATT (antisense). To construct TLP shRNA-expressing vectors, human TLP sequence #1 (5Ј-GTAACAGGGCCCAATGTAA) and human TLP sequence #2 (5Ј-GGAGCAAATGTAATTTATA) containing shRNA sequences were cloned into pSilencer 5.1-U6 retro (AM5782). s honestly significant difference test) . B, HCT116 p53-null cells were transfected with wild-type p53 (p53) or MDM2 binding ability-defective mutant p53 (p53 QS) together with siTLP. p53 protein was detected with polyclonal p53 antibody. C, HCT116 cells were transfected with expression vectors for FH-p53, HA-ubiquitin (Ub), and increased amounts of TLP. Twenty-four hours after transfection the cells were treated with MG132 for 3 h. The whole cell lysate was immunoprecipitated (IP) with anti-FLAG-Sepharose beads. p53-bound HA-tagged ubiquitin (HA-Ub) was detected by Western blot (WB) using anti-HA antibody. D, HCT116 cells were transfected with expression vectors for FH-p53, HA-Ub, MDM2, and increased amounts of TLP. Twenty-four hours after transfection the cells were treated with MG132 for 3 h. Then FH-p53 in whole cell lysate was immunoprecipitated with anti-FLAG-Sepharose beads, and p53-bound ubiquitin was detected. E, Escherichia coli-expressed GST-p53, FH-MDM2 (WT), and FH-MDM2 mutant (G58A) were purified from cell extracts using tag affinity resins. Proteins were stained with Coomassie Brilliant Blue. F, increased amounts of FH-MDM2 or FH-G58A were added to constant amounts of glutathione-Sepharose-bound GST-p53 and FH-TLP. Pull-downed proteins were detected by Western blot with corresponding antibodies. G, expression vectors for FH-p53 and increased amount of HA-TLP were introduced into HCT116 cells. FH-p53 in cell lysates was immunoprecipitated with anti-FLAG-Sepharose beads and eluted with a FLAG-peptide. p53, p53-bound MDM2, and p53-bound TLP were then detected. H, HCT116 cells were transfected with expression vectors for FH-MDM2 or FH-TLP together with HA-p53. Twenty-four hours after transfection, the cells were treated with MG132 for 2 h. FH-MDM2 (upper) and TLP (lower) in whole cell lysate was immunoprecipitated with anti-FLAG-Sepharose beads. I, schematic model of the interplay between p53, MDM2, and TLP. Low levels of TLP resulted in a situation whereby MDM2 promotes p53 ubiquitination and degradation. When TLP levels are elevated (e.g. in response to genotoxic stress), TLP binds to and stabilizes p53 by releasing p53 from MDM2-mediated negative control. FEBRUARY 24, 2017 • VOLUME 292 • NUMBER 8
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Antibodies-Antigen-purified TLP antibody was used as described previously (19) . To detect total p53 protein, anti-p53 monoclonal antibody (DO-1, Santa Cruz Biotechnology) was used in the most of the experiments. Only in experiments of Fig.  4B , anti-p53 polyclonal antibody (FL-393, Santa Cruz Biotechnology) was used because the DO-1 antibody does not recognize the p53 L22Q/S23S mutant. Antibodies against p53 Ac-382 (Cell Signaling Technology), MDM2 (4B11, Calbiochem), glyceraldehyde-3-phosphate dehydrogenase (GAPDH; FL-335, Santa Cruz Biotechnology), p21 (M-19, Santa Cruz Biotechnology), HA (16B12, BioLegend), and FLAG (2H8, TransGenic Inc.) were used as primary antibodies. FIGURE 5 . TLP suppresses nuclear export of p53. A, HCT116 cells were transfected with FH-TLP, and cells were subjected to immunofluorescence staining with anti-p53 (p53) and anti-FLAG (TLP) antibodies. Scale bar: 10 m. Nuclei were stained with DAPI. B, TLP-depleted HCT116 cells were treated with 5 M MG132 for 30 min and subjected to immunofluorescence staining with anti-p53 antibody. Cell membranes were detected with Alexa Fluor 555-conjugated wheat germ agglutinin (WGA). Left, fluorescence was observed using a confocal microscope. Right, histogram of p53 intensity in the cytoplasm/that in the nucleus of each cell (n ϭ 55). **, p Ͻ 0.01 (Welch's t test). C, schematic representations of the property of Dronpa. Intense irradiation at 488 nm changed Dronpa to a dark form, and weak irradiation at 405 nm restored it to a bright form. D, HeLa cells were transfected with pEF1␣-TET3G and pTRE3G-p53-Dronpa, and the expression of p53-Dronpa under control of the Tet-On system was induced using the indicated amount of Dox. The p53-Dronpa signal in each cell was scanned using a confocal microscope. Three independent HeLa cell batches (cells #1-3) were analyzed. E, shTLP-expressing HeLa cells were transfected with pEF1␣-TET3G and pTRE3G-p53-Dronpa, and the expression of p53-Dronpa was induced using 30 ng/ml of Dox. Cells were treated with CHX and MG132, and p53-Dronpa was detected by Western blot. F, shTLP-expressing HeLa cells were transfected with pEF1␣-TET3G and pTRE3G-p53-Dronpa, and p53-Dronpa was induced by treatment with Dox. Left, 24 h after transfection the p53-Dronpa signal in each cell was scanned using a confocal microscope. Right, histogram of p53 intensity in the cytoplasm/in the nucleus of each cell (n ϭ 60). Scale bar, 20 m. *, p ϭ 0.013 (Welch's t test) . G, schematic representation of p53-Dronpa detection method for its nuclear export. H, shTLP-expressing HeLa cells were transfected with pEF1␣-TET3G and pTRE3G-p53-Dronpa, and p53-Dronpa was induced by treatment with Dox. Cells were treated with CHX and MG132, and the p53-Dronpa signal in each cell was observed using a confocal microscope. Scale bar: 20 m. I, left, time courses of the nuclear efflux of p53-Dronpa in TLP-depleted HeLa cells. In negative control experiments, leptomycin B (middle) and Nutlin-3a (right) were added to cells in addition to CHX and MG132. The closest time point after the reactivation was defined as time 0, and the increment of the intensity of cytoplasmic p53-Dronpa from time 0 was calculated (mean Ϯ S.E.) and displayed as the relative intensity. At least eight cells were measured per experiment. **, p Ͻ 0.01; NS, not significant (two-way repeated measures analysis of variance).
Establishment of Stable Cell Lines-TLP shRNA-expressing HCT116, HCT116 p53
Ϫ/Ϫ , and HeLa cell lines were established through transient transfection of TLP shRNA-containing pSilencer 5.1-U6 Retro (Thermo) followed by puromycin selection. Briefly, cells were transfected with these vectors and were reseeded 24 h after transfection. After 24 h, the cells were treated with 4 g/ml puromycin and incubated for 1 week. Then puromycin-resistant colonies were selected and expanded to culture scale. Cells in which TLP expression was greatly inhibited were selected by RT-PCR and Western blotting.
Preparation of Cell Lysate and Western
Blotting-To prepare cell lysates, cells were suspended in a lysis buffer (Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.1% Nonidet P-40, and protease inhibitor (PI) mixture) and underwent three cycles of freeze and thaw. After centrifugation at 13,000 rpm for 20 min, the supernatant fraction was collected as a whole cell extract. Proteins were separated by 12.5% SDS-polyacrylamide gel electrophoresis and transferred to an Immobilon-P PVDF membrane (Millipore). Proteins on the membrane were detected by ImmunoStar Zeta (Wako).
RT-qPCR-Total cellular RNAs were prepared using an RNase Mini kit (Qiagen), and reverse transcription-PCR (RT- PCR) was performed. Briefly, cDNA was synthesized from 500 ng of total RNA using Prime Script II (Takara). Quantitative determination of the PCR products (qPCR) was performed using a Thunderbird qPCR Mix (Toyobo) and CFX384 Touch Real-Time PCR Detection System (Bio-Rad). All reactions were performed in triplicate. Primer sets to detect transcripts are described in Table 1 .
ChIP Assay-ChIP assay was performed as described previously with a few modifications (26) . Sonicated chromatin of HCT116 cells was incubated with a specific antibody. The sample was then immunoprecipitated with protein G-Sepharose (GE Healthcare), and the presence of target DNA sequences in the precipitates was analyzed by qPCR. Primer sets used are described previously (p21 and PUMA; Ref. 43; MDM2; Ref. 44) .
Colony Formation Assay-HCT116 cells were exposed to 50 J/m 2 of UV light. Then the cells were trypsinized and re-plated into a 6-well plate. Seven days after re-plating, the cells were fixed and stained by a staining solution (PBS, crystal violet, 1% formaldehyde, and 1% methanol). Numbers of colonies with Ͼ100 cells were counted.
Senescence-associated ␤-Galactosidase Staining-Senescence states of UV light-irradiated HCT116 cells were detected using Cellular Senescence Assay kits (Chemicon). ␤-Galactosidasepositive cells was counted using ImageJ.
Immunoprecipitation-Cells transfected with a FLAGtagged protein were suspended in IP buffer (20 mM Hepes-KOH, pH 7.8, 150 mM KCl, 1 mM EDTA, 10% glycerol, 0.1% Nonidet P-40, and PI mixture), disrupted by sonication, and centrifuged at 13,000 rpm for 20 min. The supernatant fraction was then collected. FH proteins in the extracts were precipitated by anti-FLAG M2 Affinity Gel (Sigma) at 4 ºC for 2 h. IgG-Sepharose 6 Fast Flow (GE Healthcare) was used as a control antibody. Bound proteins were eluted with FLAG peptides (0.5 mg/ml) at 4 ºC for 30 min, boiled for 5 min in SDS sample buffer, and analyzed by Western blotting.
In Vivo Ubiquitination Assay-To detect in vivo ubiquitination of p53, HCT116 cells were transfected with various combinations of plasmids as described in the figure legends. Twenty-four hours after transfection, the cells were treated with 10 M MG132 for 3 h, and an in vivo ubiquitination assay was performed in two ways. One method for the assay, for which results are shown in Fig. 4C , was performed as below. Cells were lysed with 500 l of radioimmune precipitation assay buffer (50 mM Tris-HCl pH 7.6, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 20 mM N-ethylmaleimide (NEM), and PI mixture) and subsequently immunoprecipitated as described above. As for another method, for which results are shown in Fig. 4D , cells were lysed with 200 l of SDS lysis buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% SDS, 20 mM NEM, and PI mixture) and then boiled for 10 min. The lysate was homogenized and subsequently diluted with 1.8 ml of dilution buffer (50 mM TrisHCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% Triton X-100, 20 mM NEM, and PI mixture). FLAG-tagged p53 in the lysate was immunoprecipitated.
Immunofluorescence-Cells were washed with PBS, fixed with fix solution (PBS, 4% paraformaldehyde, 20 mM MgCl 2 , and 5 mM EGTA) for 10 min, washed again with PBS, and permeabilized with 0.5% Triton X-100 for 10 min. The cells were then incubated with Blocking One Histo (Nacalai Tesque Inc.) at room temperature for 15 min and subsequently incubated with anti-p53 or FLAG antibody at 37 ºC for 1 h. After washing with PBS, the cells were incubated with Alexa Fluor 488-conjugated anti-mouse IgG antibody and Alexa Fluor 555-conjugated wheat germ agglutinin at 37 ºC for 1 h. After washing again, the cells were mounted with Fluoro-KEEPER Antifade Reagent with DAPI (Nacalai Tesque Inc.) on a slide glass.
Real-time Nuclear Export Assay-Nucleocytoplasmic shuttling of p53-Dronpa was analyzed as described previously (29) . HeLa cells were transfected with pTRE3G-p53-Dronpa and pEF1␣-TET3G and then treated with 30 ng/ml Dox for an experiment at 24 h post transfection. 50 g/l cycloheximide, 10 M MG132, 10 nM leptomycin B, and 5 M Nutlin-3a were added when necessary. p53-Dronpa-expressing cells were observed under a FV1200 confocal microscope (Olympus) equipped with a 60ϫ objective lens and two scanning units. Fluorescence of Dronpa was erased at 488 nm for 5 s followed by its photoactivation at the predetermined region by excitation at 405 nm for 10 ms. The flux of the fluorescence of Dronpa was monitored through weak excitation. Background noise subtraction and measurement of fluorescence signal intensities were executed using MetaMorph software (Molecular Devices Co.). The nuclear export rate was calculated using the equation Export ϭ (C t /C 0 ) ϫ (T 0 /T t ), where C t is the average signal intensity in the cytoplasm at time t after photoactivation. To calculate the nuclear export of p53-Dronpa, the average signal intensity of reactivating states in the cytoplasm was determined as C 0 . T t is the average signal intensity of the entire cell at time t, and T 0 is the average signal intensity of the entire cell after reactivation during the measurement of nuclear export. The ratio of T 0 /T t serves as a correction factor to control and eliminate loss of fluorescence signal during the image acquisition phase (45) . All values were derived from at least 10 cells.
Tumor Xenograft Assay-Five-week-old BALB/c nu/nu male athymic nude mice (Japan SLC) were used. All animal experiments described adhered to policies and practices approved by Chiba University. TLP-depleted HCT116 cells (1 ϫ 10 6 cells in 20 l) were injected subcutaneously into nude mice. Tumor weight was measured 25 days after the injection.
Statistical Analysis-Welch's t test, Tukey's honestly significant difference test, and two-way repeated measures analysis of variance (analysis of variance) with replicate data sets were performed using R software.
